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Abstract 

Sertoli cells constitute the structural framework In testis and provide an immune-privileged environment for germ cells. 
Induced pluripotent stem cells (IPS cells) resemble embryonic stem cells (ES cells) and are generated from somatic cells by 
expression of specific reprogramming transcription factors. Here, we used C57BL/6 (66) Sertoli cells to generate IPS cells 
(Ser-iPS cells) and compared the immunogenicity of Ser-IPS cells with IPS cells derived from mouse embryonic fibroblast 
(MEF-IPS cells). Ser-iPS cells were injected into syngeneic mice to test for their in vivo immunogenicity in teratoma assay. 
Teratoma assay allows assessing in vivo immunogenicity of IPS cells and of their differentiated progeny simultaneously. We 
observed that early-passage Ser-iPS cells formed more teratomas with less Immune cell infiltration and tissue damage and 
necrosis than MEF-IPS cells. Differentiating Ser-iPS cells in embryold bodies (EBs) showed reduced T cell activation potential 
compared to MEF-IPS cells, which was similar to syngeneic ES cells. However, Ser-iPS cells lost their reduced Immunogenicity 
in vivo after extended passaging in vitro and late-passage Ser-IPS cells exhibited an immunogenicity similar to MEF-IPS cells. 
These findings indicate that early-passage Ser-iPS cells retain some somatic memory of Sertoli cells that impacts on 
Immunogenicity of IPS cells and IPS cell-derived cells in vivo and in vitro. Our data suggest that immune-privileged Sertoli 
cells might represent a preferred source for IPS cell generation, if it comes to the use of IPS cell-derived cells for 
transplantation. 
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Introduction 

Induced pluripotent stem cells (IPS cells) resemble embryonic 
stem cells (ES cells) and can differentiate into all cell types of our 
body [1]. iPS cells are generated from somatic cells by expression 
of a defined set of transcription factors, including Oct4, Sox2, Klf4 
and c-Myc (OSKM) [2] . iPS cells have been successfully generated 
from a broad range of somatic cell types, such as fibroblasts, B 
lymphocytes, neural stem cells and hepatocytes [2-5]. iPS cells 
hold great potential in disease modeling, drug screening and cell- 
based therapy [1,2]. 

iPS cells are believed to be particularly appealing as a cell source 
for personalized regenerative therapies, since autologous iPS cell- 
derived cells are expected to bypass immune rejection [6]. 
However, this assumption has been challenged by recent studies 
[7,8]. Syngeneic iPS cells derived from mouse fibroblasts were 
reported to be immunogenic and rejected upon transplantation as 
measured by teratoma formation and lymphocytic infiltration 
[7,8]. In contrast, Guha et al. [9] did not find evidence for 
rejection of syngeneic iPS cells and their differentiated cells after 
transplantation and for secondary immune responses. Further, in 
other studies it was found that syngeneic iPS cell-derived cells 



elicited only minimal immune responses or induced tolerogenic 
responses following transplantation [8,10]. Yet cardiomyocytes 
derived from IPS cells in vitro caused significant levels of T cell 
infiltration after syngeneic transplantation [10]. Thus, the 
immunogenicity of IPS cells and iPS cell-derived cells has 
remained highly controversial. 

An interesting question is what might cause immunogenicity of 
IPS cells and their differentiated progeny? The somatic cell type 
used for reprogramming might impact on the immunogenicity of 
iPS cells [11]. Human umbilical cord mesenchymal cells were used 
for iPS cell generation, since mesenchymal cells exhibit immune- 
modulatory properties [12]. Neural progenitors derived from these 
iPS cells showed lower immunogenicity compared to those from 
fibroblast-derived iPS cells. However, in this study the immuno- 
genicity of IPS cells and iPS cell-derived cells was only investigated 
in vitro and several questions remained: (i) Is low immunogenicity 
of these iPS cells also observed in vivo? (ii) Does passage number 
affect iPS cell immunogenicity? (iii) Do other immune-privileged 
cells impact on iPS cell immunogenicity? 

Testis is considered an immunologically privileged organ [13]. 
Testicular Sertoli cells and germ cells constitute the structural 
framework of the seminiferous tubules. Sertoli cells represent key 
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players in the immune-privileged testicular environment [14]. 
Sertoli cell immune function was also observed in co-transplan- 
tation studies with skin or islet grafts, where grafts showed a 
significandy prolonged survival [15,16]. Several mechanisms 
might contribute to Sertoli cell immune function. First, Sertoli 
cells produce unmune-modulatory factors, which might contribute 
to the immune-privileged testicular milieu [17,18]. Second, the 
physical barrier formed by adjacent Sertoli cell membranes, 
referred to as blood-testis barrier, is responsible for controlling and 
regulating the environment of developing germ cells [19,20]. 
Thus, all these properties make Sertoli cells an interesting target 
for cKnical application. 

Here, we used Sertoli cells to generate iPS cells (referred to as 
Ser-iPS) and compared their immunogenicity with iPS cells 
derived from mouse embryonic fibroblasts (MEF-iPS). We 
systematically analyzed the immunogenicity of Ser-iPS cells and 
found that Ser-iPS cells indeed possess reduced immunogenicity 
both in vivo and in vitro. 

Materials and Methods 

Generation of Ser-iPS cells 

Sertoli cells from C,57BL/6 (B6) mice (age 7-10 days) were 
obtained as described [21] with the following modifications. 
Briefly, de-capsulated testis was treated with 1 mg/ ml coUagenase 
IV (Invitrogen, Carlsbad, CA) followed by 0.05% trypsin 
(Invitrogen) for 5 min to remove interstitial cells and germ cells, 
respectively. Cells were then filtered through 40 |i,m cell strainer 
and incubated in Sertoli cell medium: DMEM/F12 (1:1) 
supplemented with 10% fetal calf serum (FCS) (v/v), 2 mM L- 
glutamine, 100 units/ml penicillin and 100 H-g/ml streptomycin 
(all Invitrogen). 

iPS cells from B6 Sertoli cells and B6 MEF were generated with 
retroviral \'ect()rs expressing Oct4, Sox2, Klf4 and c-Myc (OSK 
and OSKIVl) as described pre\iously [2,4,22]. About 10 days after 
infection IPS colonies were picked and plated on MEF feeder cells 
with ES cell medium, in the following referred to as Ser-iPS cells. 
MEF-iPS cells were generated from MEF accordingly and used as 
a control. 86 Ser-iPS cell clones and 65 MEF-iPS cell clones were 
picked and eventually 1 9 Ser-iPS cell clones and 1 7 MEF-iPS cell 
clones were expanded. We then selected three representative Ser- 
iPS cell clones for further analysis: one representative 4F Ser-iPS 
cell clone (OSKM, clone 1) and two representative 3F Ser-iPS cell 
clones (OSK, clones 2 and 3). Two MEF-iPS cell clones were also 
selected: one representative 4F (OSKM) and one representative 3F 
(OSK) MEF-iPS cell clone, MEF-iPS cell clone 1 and 2, 
respectively. ES cell medium: DMEM (high glucose) supplemented 
with 15% FCS (Lonza, Basel, Switzerland), 0.1 mM fi-mercapto- 
ethanol, 100 units/ml penicillin and 100 |Xg/ml streptomycin, 
2 mM L-glutamine, 0.1 mM nonessential amino acids and 
25 mM HEPES (all Invitrogen) and 1000 U recombinant 
leukemia inhibitory factor (LIE; Peprotech, London, UK). 

Embryoid body (EB) assay 

For spontaneous differentiation in vitro, undifferentiated IPS 
cells and ES cells (JM8) were trypsinized into single cells and 
plated on gelatin-coated dish for 40 min to remove MEF feeder 
cells. Cells were transferred into differentiation medium (ES cell 
medium without LIF) and EBs were generated in hanging drops 
(500 cells per 20 |Xl drops) in an inverted bacterial Petri dish. EBs 
were collected 3 days later and kept in suspension culture for 
another 3 days. On day 6 of differentiation, EBs were plated on 
0. 1 % gelatin-coated dishes for further differentiation (6 days) and 
used in T cell co-cultures. 



RT-PCR and qRT-PCR 

RNA was isolated using NucleoSpin RNA Kit (Macherey- 
Nagel, Dueren, Germany) and concentration was determined by 
NanoDrop 1 ()()() (Thermo Scientific, Wilmington, DE). 1 |i,g RNA 
was used for reverse-transcription using High Capacity cDNA 
reverse transcription Kit (Applied Biosystems, Carlsbad, CA). RT- 
PCR was performed in thermal cycling machine (Eppendorf, 
Hamburg, Germany). For qRT-PCR 50 ng cDNA, fast SYBR 
Green PGR master mix and primers were used (Table SI). PGR 
reactions were performed with StepOne Real-Time PGR system 
(Applied Biosystems, Carlsbad, CA). Data are represented in 
heatmap format (MultiExperiment Viewer MeV_4_8, http:// 
www.tm4.org) with fold change in gene expression normalized to 
P-actin. 

Alkaline phosphatase (AP) staining and 
immunofluorescence staining 

AP staining was done with Alkaline Phosphatase Staining Kit II 
(Stemgent, Cambridge, MA) according to the manufacture's 
instruction. For immunofluorescence staining, cells were grown 
on gelatin-coated cover-slips, fixed with 4% paraformaldehyde 
(PEA) (20 min, RT) and permeabilized with PBS containing 0.1% 
Triton X-100 (30 min, RT). Samples were stained with first 
antibody (14-16 hours, 4°C), washed twice with PBS and 
incubated with secondary antibody (1 hour, RT). Cell nuclei were 
stained with DAPI (0.1 |Ig/mL, 30 min). Samples were mounted 
with mounting solution (Dako, Glostrup, Denmark) and images 
were acquired with Axiovert 200 microscope (Carl Zeiss, Jena, 
Germany). The following primary antibodies were used: Oct4 and 
SSEAl (1:200; Santa Cruz Biotechnology, Santa Cruz, CA). The 
secondary antibody was Alexa594 Goat anti-mouse Ig (H-l-L) 
(1:300; Life Technologies, Carlsbad, CA). 

Teratoma assay and histological analysis 

1 xlO*^ B6 Ser-iPS cells, MEF-iPS cells and ES cells gM8) were 
injected subcutaneously into B6 mice. Four weeks later teratomas 
were excised, fixed in 4% PEA, embedded in paraffin and stained 
with rabbit polyclonal anti-CD3 antibody (1:200 dilution. Abeam, 
Cambridge, UK). The secondan,' antibody was VEGTASTAIN® 
ABC Reagent (Vector Laboratories, Peterborough, UK). Hema- 
toxylin and eosin (HE) staining was performed at IZKF 
Immunohistochemistry Core Facility (RWTH Aachen University 
Hospital, Aachen, Germany). Frequency of teratoma formation 
was assessed as number of injections relative to teratomas formed. 
All experimental procedures involving mouse work were approved 
by the local authorities in compliance with the German animal 
protection law (Landesamt fiir Natur, Umwelt und Verbrau- 
cherschutz, U\NUV NRW, Recklinghausen, Germany; reference 
number 8.87-50.10.35.08.138). All efforts were made to minimize 
animal suffering. 

Co-culture experiments and flow cytometry 

CD4 T ceUs were obtained from spleen of B6 mice by MACS 
selection (Miltenyi Biotec, Bergisch Gladbach, Germany). For T 
ceU proliferation assay, CD4 T ceUs were labeled with carboxy- 

fluorescein succinimidyl ester (CFSE) and co-cultured with 
undifferentiated iPS cells or with EB iPS cells (day 12-17 of 
differentiation) at 2:1 ratio. T cells treated with phorbol myristate 
acetate (PMA, 25 ng/ml) and ionomycin (0.02 mM) were used as 
positive control. After 5 days of co-culture, proliferation of CD4 T 
cells was analyzed by assessing the dilution of CFSE signal using 
flow cytometry (Canto II, BD Bioscience). The GD4 antibody used 
was PE anti-mouse CD4 (GK1.5; eBioscience, San Diego, CA). 
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For regulatory T cell (Treg) assay, CD4 splenic T cells were 
activated with PMA and ionomycin (14—16 hours) and co-cultured 
with undifferentiated iPS cells or with EB iPS cells (day 12-17 of 
differentiation) at 2:1 ratio. After 5 days of co-culture, T cells were 
harvested and stained for surface markers CD4 and CD25 (FITC 
anti-mouse CD4, RM4-5; APC anti-mouse CD25, PC61.5; 
eBioscience; 30 min, 4°C). Subsequentiy, cells were fixed and 
permeabUized using the Foxp3 fixation/permeabUization buffer 
and intracellular Foxp3 (PE anti-mouse/rat Foxp3, FJK-16s; 
eBioscience) staining was carried out according to manufacturer's 
instruction. The j)C'rcentage of Tregs was determined by flow 
cytometry based on the expression of CD4, CD25 and Foxp3. 

Statistics analysis 

Results are given as the mean ± standard derivation. Statistical 
analysis was performed using unpaired Student's t-test. P values 
below 0.05 were considered to be statistically significant. 

Results 

Generation of Ser-iPS cells 

SertoU cells were obtained from testis of day 7-10 pups and 
showed the typical Sertoli cell morphology in culture [23] (Figure 
SI A). Cells expressed the Sertoh cell marker Gata4 [17] and were 
negative for DazU [24] and Vasa [25] (germ cells), Oct4 and 
Nanog (spermatogonial stem cells, [26]) and Hsd3P6 (Leydig cells, 
[27]) (Figure SIB). 

To generate IPS cells, Sertoli cells were infected with 
retroviruses expressing three or four reprogramming transcription 
factors (OSK or OSKM, respectively; Figure lA) as described 
[2,4,22]. Ser-iPS cells slio\\x'(l typical ES cell morpholog)-', were 
AP positive and expressed the pluripotency markers Oct4, SSEAl, 
Sox2, Nanog, Rexl, Rex3 and Dppa4 (Figure IB, SIC). Three 
germ layer differentiation potential of Ser-iPS cells was demon- 
strated by in vitro EB assay and in vivo teratoma assay in NOD- 
SCID mice (Figure IC, SID). There was no difference in the 
frequencies of teratomas formed by Ser-iPS cells, MEF-iPS cells 
and ES cells. In summary, Ser-iPS cells behaved similar to control 
MEF-iPS cells and ES cells and thus qualified as bone fide iPS 
cells. 

Increased teratoma formation by Ser-iPS cells 

Immunogenicity of iPS cells and IPS cell-derived cells is 
detected in vivo in teratoma assay [7,28]. Teratomas comprise a 
broad spectrum of differentiated cells of all three germ layers and 
thus allow assessing in vivo immunogenicity of iPS cells and of 
their differentiated progeny simultaneously. We compared terato- 
ma formation frequency between Ser-iPS cells and MEF-iPS cells 
by injecting them into syngeneic B6 mice. B6 ES cells were used as 
a further control (Figure lA). As expected teratomas of Ser-iPS 
cells contained cell derivatives of all three germ layers, similar to 
MEF-iPS cell and ES cell controls (Figure S2A). Importandy, Ser- 
iPS cells had a much higher incidence of teratoma formation 
(80%) than MEF-iPS cells (20%) and the incidence of teratoma 
formation for Ser-iPS cells was similar as for ES cells (90%; 
Figure ID). There was no difference in the size of teratomas 
derived from Ser-iPS cells and MEF-iPS cells, while those of ES 
cells were larger (Figure ID). Thus, Ser-iPS cells form more 
teratomas upon syngeneic transplantation than MEF-iPS cells. 
These data suggest that iPS cells derived from immune-privileged 
Sertoli cells elicit less immune responses and thus permit more 
efficient teratoma formation in vivo. 



Reduced immunogenicity of syngeneic Ser-iPS cells 

To further investigate the in vivo immunogenicity of Ser-iPS 
cells, we performed immunohistochemical analysis of B6 teratoma 
sections. As expected, Ser-iPS cell teratomas showed less CD3 T 
cell infiltration than those of MEF-iPS cells (Figure 2A). Low T 
cell infiltration of Ser-iPS cell teratomas was similar to syngeneic 
ES cell teratomas. Additionally, Ser-iPS cell teratomas showed less 
tissue damage and necrosis than those of MEF-iPS cells 
(Figure 2B). 

We then proceeded to analyze immune cells in teratomas by 
qRT-PCR. T cell, B cell and dendritic cell (DC) g(;ne expression 
(CD3, B220 and CDllc, respectively) was lower in Ser-iPS cell 
teratomas compared to those of MEF-iPS cells (Figure 2C). 
Expression of CD4 and CD8 T cell markers was also lower in 
Ser-iPS cell teratomas compared to those of MEF-iPS cells (Figure 
S2B), however this did not reach statistical significance. There was 
no significant difference in the expression of macrophage and 
granulocyte markers (Macl and Grl, respectively). 

Expression of Zgl6 and Hormadl genes has been associated 
with immunogenicity of iPS cells [7], however this finding has 
remained controversial [9,10]. Thus, we investigated the expres- 
sion of Zg 1 6 and Hormad 1 in Ser-iPS cell teratomas. Both Ser-iPS 
cell and MEF-iPS cell teratomas expressed lower level of Zgl6 and 
Hormadl than ES cell teratomas (Figure S2C). 

In summary, Ser-iPS cells have reduced immunogenicity 
compared to MEF-iPS cells in vivo and showed lower immune 
cell infiltration, which is consistent with less tissue damage and 
necrosis. Additionally, there is apparently no correlation between 
Zgl6 and Hormadl expression and iPS cell immunogenicity. 

Reduced T cell stimulation potential of differentiating 
Ser-iPS cells 

Tissue destruction in teratomas is T cell dependent [7] and Ser- 
iPS cell teratomas showed low T cell infiltration and tissue damage 
and necrosis (Figure 2). Thus, we determined the impact of Ser- 
iPS cells on T cell proliferation in vitro. EB assay represents the 
in vitro equivalent of teratoma formation in vivo. Therefore, Ser- 
iPS cells were subjected to EB assays (12 days), dissociated and co- 
cultured with CD4 T cells (Figure 3A). MEF-iPS cells and ES cells 
were treated accordingly and used as controls. Ser-iPS cells in EBs 
stimulated the proliferation of 19% T cells (n=3), which was 
significantiy lower than that observed for MEF-iPS cells (43%, 
n = 3), and similar to ES cells (22%, n = 3; Figure 3B, 3C). In co- 
cultures of T cells with undifferentiated Ser-iPS cells, MEF-iPS 
cells and ES cells, there was no difference in T cell proliferation 
(Figure S3A). 

SertoU cells skew T cells towards a Treg profile and this 
represents one way how Sertoli cells generate an immune- 
privileged testicular environment [17,29]. Thus, we examined 
the frequency of Tregs in co-cultures of CD4 T cells with Ser-iPS 
cells by measuring the expression of CD4, CD25 and Foxp3 by 
flow cytometry. MEF-iPS cells and ES cells were used as controls. 
Sertoli cells were tsiken as a positive control, since they skew T cells 
towards a Treg profile [29]. Indeed, Sertoli cells showed an 
increase in Foxp3 expressing cells (20-26%, Figure S3B). No 
significant differences were observed for undifferentiated Ser-iPS 
cells, MEF-iPS cells and ES cells and also for EB-derived 
differentiated Ser-iPS cells, MEF-iPS cells and ES cells (Figure 
S3B). 

All results obtained so far are based on early-passage iPS cells 
(p9-15). Therefore, we further investigated whether extended 
culture periods affect immunogenicity of Ser-iPS cells. We found 
that the frequency of teratoma formation and teratoma size of late- 
passage Ser-iPS cells (p 3 5-3 8) is similar to MEF-iPS cells 
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Figure 1. Ser-iPS ceils form more teratomas tlian iVlEF-iPS celis. (A) Schematic representation of Ser-iPS cell generation from B6 Sertoli cells 
by Oct4, Sox2 and Klf4 transfection with and without c-IVlyc (OSKIVl or OSK) and teratoma assay in B6 mice. (B) AP staining and analysis of pluripotency 
markers (Oct4 and SSEA1, red). DAPI staining, blue. Scale bars, 200 )im and 35 |im, respectively. AP staining, Ser-iPS cells (OSKIVl, clone 1), MEF-iPS 
cells (OSKM, clone 1) and ES cells (JIVI8). Oct4 and SSEA1 staining, Ser-iPS cells (OSK, clone 3), MEF-iPS cells (OSK, clone 2) and ES cells (JM8). iPS cell 
data are representative of all Ser-iPS cells and MEF-iPS cells analyzed. (C) Gene expression in undifferentiated and differentiated Ser-iPS cells (EB 
assays) determined by qRT-PCR is shown in heatmap format. Expression in undifferentiated ES cells (JM8) was arbitrarily set to 1. Ser-iPS 1 refers to 4F 
IPS cells (OSKM, clone 1 ) and Ser-iPS 2 and 3 to 3F iPS cells (OSK, clones 2 and 3); MEF-iPS 1 and 2 refer to 4F and 3F iPS cells (OSKM, clone 1 and OSK, 
clone 2, respectively). (D) Number and size of teratomas of Ser-iPS cells in B6 mice. 86 MEF-iPS cells and B6 ES cells are shown as controls. Average 
values of Ser-iPS cells (clones 1, 2 and 3) and MEF-iPS cells (clones 1 and 2) are shown. All Ser-iPS cells and MEF-iPS cells are passage 9-15 (early- 
passage). *P<0.05, **P<0.01. Bars represent mean ± standard deviation. 
doi:10.1371/journal.pone.0106110.g001 



(Figure 4), indicating that the reduced immunogenicity is lost 
during extended culture. 

Collectively, EBs of Ser-iPS cells exhibit significantly lower T 
cell stimulation potential in vitro compared to MEF-iPS cells, 
which very much relates to the reduced immunogenicity observed 
in teratoma assays. Yet, Ser-iPS cells apparently do not possess the 
potential to convert T cells into a Treg phenotype. 

Discussion 

In this study we demonstrate that Ser-iPS cells exhibit low 
immunogenicity both in vivo and in vitro. Ser-iPS cells formed 
more teratomas upon syngeneic transplantation with lower T cell, 
B cell and DC infiltration and less tissue damage and necrosis than 
MEF-iPS cells. In addition, EBs formed by Ser-iPS cells possessed 
lower T cell stimulation potential than MEF-iPS cells. Thus, Ser- 
iPS cells show reduced immunogenicity and this may be due to 
some residual somatic memory originating from Sertoli cells used 
for reprogramming. 

Previous studies investigated the immunogenicity of IPS cells 
and their derivatives following transplantation into syngeneic host. 
Yet, the immunogenicity of IPS cells and their derived cells has 
remained highly controversial [7-10,30,31]. Many factors might 
influence the immunogenicity of transplanted cells, such as in vitro 



culture conditions, cell types used for transplantation and 
transplantation sites [32-34]. Teratoma assay is frequently used 
to evaluate the immunogenicity of pluripotent stem cells and their 
derivatives in vivo [7,28]. Teratoma contain a variety of 
diflerentiated cell types originating from iPS cells and thus provide 
an useful model for testing the immunogenicity of iPS derivatives 
[7]. In this assay tumor formation indicates that the recipient's 
immune system fails to reject tumor-forming cells [35]. 

In our study Ser-iPS cells have a stronger capacity to regulate 
the recipient's immune response compared to MEF-iPS cells. Ser- 
iPS cells and/or their differentiated progenies appear to prevent 
efficient infiltration of host derived immune cells into teratomas 
resulting in high teratoma formation frequency with less T cell, B 
cell and DC infiltration. This is consistent with less tissue damage 
and necrosis in Ser-iPS cell teratomas, since tissue destruction goes 
along with infdtration of activated T cells [7,1 1]. In line with these 
in vivo results, EBs of Ser-iPS cells are less potent in stimulating T 
cell proliferation compared to MEF-iPS cells in in vitro co-culture 
experiments. However, in their pluripotent state both Ser-iPS cells 
and MEF-iPS cells showed T cell responses similar to ES cells. 
Thus, the immunogenicity of iPS cells was found to be related to 
the somatic cells used for reprogramming and to the differentiated 
state. 
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Figure 2. Immunogenicity of syngeneic Ser-iPS cells. (A) CDS T cell Infiltration in Ser-iPS cell teratomas in B6 mice by immunohistochemistry. 
Teratomas of IVIEF-iPS cells and ES cells are shown as controls. Ser-iPS cells (OSKM, clone 1), MEF-iPS cells (OSK, clone 2) and ES cells (JM8) of 
Figure 1C. Images are representative for all Ser-iPS cells and MEF-iPS cells analyzed. CDS positive T cells, brown. Scale bar, 200 |im. (B) Tissue damage 
and necrosis are detected in Ser-iPS cell teratomas by HE staining. MEF-iPS cell and ES cell teratomas, controls as in (A). Scale bar, 200 |im. (C) 
Expression of T cell (CDS), B cell (B220) and DC (CDIIc) genes in Ser-iPS cell teratomas by qRT-PCR analysis. MEF-iPS cell and ES cell teratomas, 
controls as in (A). Average values of Ser-iPS cells (clones 1 , 2 and 3) and MEF-iPS cells (clones 1 and 2) are as in Figure 1 D. Spleen is shown as a further 
control. The number of B6 teratomas analyzed: Ser-iPS cells, n = 19; MEF-iPS cells, n = 8; ES cells, n = 10. Relative gene expression was normalized to p- 
actin. Average mRNA level in ES cell teratomas was arbitrarily set to 1. All Ser-iPS cells and MEF-iPS cells are passage 9-15 (early-passage). *P<0.05. 
Bars represent mean ± standard deviation. 
doi:10.1S71/journal.pone.0106110.g002 



The immune-privileged function of Sertoli cells includes the 
generation of Tregs [17,29]. Therefore, we investigated whether 
Ser-iPS cell immunogenicity was related to generation of Tregs. 
Ser-iPS cells showed a Treg profile similar to MEF-iPS cells and 
ES cells in co-culture experiments. Moreover, Foxp3 expression in 
teratomas of Ser-iPS cells and MEF-iPS cells was comparable 
(data not shown). Thus, the reduced immunogenicity of Ser-iPS 
cells in vitro and in vivo appears to be unrelated to the Treg 
profde. 

Several factors have been implicated in the immune-privileged 
function of Sertoli cells and thus might be responsible for and/ or 
contribute to the reduced immunogenicity of Ser-iPS cells. The 



anti-inflammatory cytokine transforming growth factor pi 
(TGFpi) and immunosuppressive enzyme indoleamine 2,3- 
dioxygenase (IDO) produced by Sertoli cells have been reported 
to protect islet graft in mouse models [16,36]. However, TGFpi 
and IDO expression was similar in teratomas of Ser-iPS cells and 
MEF-iPS cells (data not shown). Additionally, expression of 
interferon y and IL-4, two cytokines representative for type 1 
(destructive) and type 2 (protective) immune responses, respec- 
tively, was similar in teratomas of Ser-iPS cells and MEF-iPS cells 
(data not shown). 

Sertoli cell immune function comprises further factors, such as 
multiple cytokines, chemokines, anti-inflammatory modulators. 
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Figure 3. EBs from Ser-iPS cells exhibit reduced CD4 T cell 
stimulation potential in vitro. (A) Schematic representation of T cell 
proliferation assay in vitro. iPS cells or ES cells were induced to 
differentiate in EB assays (14 days). EBs were co-cultured with splenic 
CD4T cells to assess T cell proliferation. (B) Proliferation of CFSE labeled 
CD4 T cells co-cultured with Ser-iPS cells (day 1 2-1 7) in T cell medium. 
IVlEF-iPS cells and ES cells were used as controls. Ser-iPS cells (OSKM, 
clone 1), MEF-iPS cells (OSKM, clone 1) and ES cells (JM8) of Figure 1C. 
PMA and ionomycin activated T cells, positive control. T cell 
proliferation refers to the percentage of dividing T cells after 5 days 
of co-culture. (C) T cell proliferation data after 5 days of co-culture of (B) 
(n = 3). Average values of Ser-iPS cells (clones 1, 2 and 3) and MEF-iPS 
cells (clones 1 and 2) are as in Figure ID. All Ser-iPS cells and MEF-iPS 
cells are passage 9-15 (early-passage). ♦P<0.05; ♦♦*P<0.001. Bars 
represent mean ± standard deviation. 
doi:1 0.1 371/journal.pone.01 061 1 0.g003 
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Figure 4. Teratoma formation frequency and teratoma size of 
late-passage Ser-iPS cells are similar to MEF-iPS ceils. Frequency 
and size of teratomas of late-passage Ser-iPS cells in B6 mice. Late- 
passage MEF-iPS cells and ES cells are shown as controls. Average 
values of Ser-iPS cells (clones 1, 2 and 3) and MEF-iPS cells (clones 1 and 
2) are as in Figure ID. Late-passage: p35-38. **P<0.01. There is no 
statistical difference in teratoma size. Bars represent mean ± standard 
deviation. 

doi:10.1371/journal.pone.0106110.g004 

complement activation inhibitors and adhesion molecules [17]. In 
light of the complex mechanisms involved in Sertoli cell immune 
function, it is probably not surprising that we did not find a single 
molecule or factor, which was important for Ser-iPS cell 
immunogenicity. Further investigation is warranted to elucidate 
the mechanisms involved in Sertoli cell immune function and how 
they contribute to the reduced immunogenicity of Ser-iPS cells. 

Two genes, zymogen granule protein 16 (Zgl6) and Hormadl, 
which were expressed in regressing iPS cell teratomas but not in 
ES cell teratomas, were reported to contribute to iPS cell 
immunogenicity [7]. However, this observation has remained 
controversial and was not confirmed in follow up studies [9,10]. 
This observation is also in contrast to the result reported here. We 
did not observe a correlation between Zgl6 and Hormadl 
expression and iPS cell immunogenicity. Zgl6 is highly expressed 
in pancreas and down-regulated upon injury [37]. Hormadl, also 
referred to as cancer/testis 46, is involved in chromatin binding 
and highly expressed in testis and was identified as a tumor antigen 
[38]. Our results are very much in line with results by Arakia et al. 
and Guha et al. [9,10] and Zgl6 and Hormadl expression 
appears to be not important for the immunogenicity of iPS cells. 

The low immunogenicity of Ser-iPS cells was observed in early- 
passage iPS cells (p9-15). However, late-passage Ser-iPS cells 
(p35-38) exhibit an immunogenicity similar to the respective 
MEF-iPS cells. The low immunogenicity in early-passage Ser-iPS 
cells and its loss in late-passage Ser-iPS cells appear to be 
consistent with the presence of somatic memory in IPS cells. 
Somatic memory refers to some remnants of the somatic profile of 
the cell type used for reprogramming [39^5]. Somatic memory 
impacts on IPS cell properties at early stages [41,43,45], and is 
erased upon continuous in vitro culture [40,45] , similar to Ser-iPS 
cell immunogenicity reported here. The exact underlying mech- 
anisms for the loss of Ser-iPS cell reduced immunogenicity during 
extended passaging have to await further studies. 

In summary, we compared the immunogenicity of iPS cells 
derived from two different somatic cell types, immune-privileged 
Sertoli ceUs and MEF. Both Ser-iPS cells and MEF-iPS cells, and 
the cells derived thereof, showed immunogenicity. Additionally, 
Ser-iPS cells exhibited reduced immunogenicity compared to 
MEF-iPS cells, which however got lost upon extended in vitro 
culture. These findings indicate that the somatic cell type impacts 
on the immunogenicity of respective iPS cells. Our results 
reinforce the concept of using immune-privileged somatic cells 
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for iPS cell generation and derivation of differentiated progeny for 
transplantation. 

Supporting Information 

Figure SI Ser-iPS cells are pluripotent. (A) Sertoli cells from day 
7-10 B6 mice in culture. Phase contrast image at passage 1. Scale 
bar, 800 ^m. (B) RT-PCR analysis of Sertoli cells in (A). Markers 
for germ cells, spermatogonia! stem cells, Leydig cells and Sertoli 
cells are shown as indicated. Loading control, GAPDH. (C) RT- 
PCR analysis of pluripotency genes (Oct4, Sox2. Nanog, Rexl, 
Rex3 and Dppa4) in Ser-iPS clones as in figure- IC. MEF-iPS 
cells and ES cells are shown as controls. Loading control, 
GAPDH. Negative control, MEF. (D) Teratomas of Ser-iPS cells 
in NOD-SCID mice. Teratomas of MEF-iPS cells and ES cells are 
shown as controls. Representative images of tissue sections of 
ectoderm (neural tissue), mesoderm (cartilage) and endoderm 
(glandular epithelium) from Ser-iPS cells (OSK, clone 3) and 
MEF-iPS cells (OSKM, clone 1) are shown (HE staining). Lnages 
are representative for all Ser-iPS cells and MEF-iPS cells analyzed. 
All Ser-iPS cells and MEF-iPS cells are passage 9-15 (early- 
passage). Scale bar, 200 (im. 
(TIF) 

Figure S2 Ser-iPS cell teratoma formation in B6 mice. (A) 
Teratomas of Ser-iPS cells in B6 mice. Controls, teratomas of 
MEF-iPS cells and ES cells. Representative images of tissue 
sections of ectoderm, mesoderm and endoderm from Ser-iPS cells 
(OSKM, clone 1), MEF-iPS cells (OSK, clone 2) are shown as in 
Figure SID. Images are representative for all Ser-iPS cells and 
MEF-iPS cells analyzed. Scale bar, 200 |a,m. (B) Expression of T 
cell (CD4, CDS), macrophage (Mac), granulocyte (Grl) genes in 
teratomas of Ser-iPS cells by qRT-PCR analysis. Teratomas of 
MEF-iPS cells and ES cells are shown as controls. Spleen is shown 
as a further control. Relative gene expression is normalized to P- 
actin. Average mRNA level in ES cell teratomas is arbitrarily set to 
1 . The number of B6 teratomas analyzed: Ser-iPS cells, n = 1 9; 
MEF-iPS cells, n = 8; ES cells, n=10. Bars represent mean ± 
standard deviation. (C): Expression of Zgl6 and Hormadl genes 
in teratomas generated from Ser-iPS cells, MEF-iPS cells and ES 
cells by qRT-PCR analysis. Relative gene expression was 
normalized to P-actin as in (B). mRNA levels in MEF were 
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